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ABSTRACT
This paperpresentsthe photometricluminosity classi�cationof M dwarfs in Kaptyn's SelectedArea 109

(SA109)aspart of an ongoingprogramat Ball StateUniversity to probelow luminosity starcontributions
to the luminosity function. The reductionof datataken at the SoutheasternAssociationfor Researchin As-
tronomy(SARA) telescopeis still in theinitial phases,but comparisonsof this datato previousdatafrom the
NationalUndergraduateResearchObservatory (NURO) andtheBall StateObservatory (BSO)show that the
classi�cationresultsareconsistent.With a limiting magnitudeof R=15.25,we have observednearlyhalf of a
squaredegreein SA109andhave detectedapproximately74 percentof theexpectedM dwarfs,asdetermined
by the luminosity function. The26 M dwarfswhich have beenidenti�ed usingR, I andCaHphotometry, are
con�rmed using2MASS J, H an K magnitudes.We presentthe detectionsof 17§ 4.1 early type M dwarfs
in half of SA109,comparedto the expectedvalueof 16§ 4 for the entireregion asdeterminedthe accepted
luminosityfunction.
Subjectheadings:stars:luminosityfunctionandmassfunction

1. INTRODUCTION

To understandGalacticstructureit is essentialto determine
the luminosity function, of a large enoughlocal region, so
that we canaccuratelydescribethe history of the evolution-
ary processof theMilk y Way. In orderto �nd theluminosity
function, the distribution andquantitiesof differentspectral
typesthroughouttheMilk y Way, it is necessaryto completea
thoroughstellarcensus.Many sky surveys,andstandardlists,
aredominatedby high luminositysources.This is dueto the
historical needfor bright standardswith shorterintegration
times,andgreater�ux es.Thus,observationsof low luminos-
ity starshave beenthe increasedfocusof many astronomical
programsin therecentyearsasinstrumentationhasimproved
andfainterlimiting magnitudeshave beenattained.

Thepresenceof CaHin thespectraof M dwarfs,andits ab-
sencein M giants,was�rst identi�ed by Ohman(1934).This
discrepancy is dueto thelowersurfacepressureof thein�ated
giant,but its similar temperatureto a dwarf. It wasalsode-
terminedthatTiO is moreabundantin M giantsatmospheres
than in M dwarfs (Ohman1934). Theseobservationsagree
with the restrictionson molecularenvironmentsestablished
by Saha's equation. Thus,CaH canbe usedto differentiate
betweenM dwarfsandM giants,aswell asto probesurface
gravity of M dwarfs(Mould & Wallis 1977).

Although the identi�cation of M dwarfs using spectrais
very usefulit requiresa large amountof observingtime due
to their low luminosity. This restrictsthe quantity that can
be obtainedin a single observingrun. Sinceit is our goal
to determinethe luminosity function we needlarge samples
andsowe useintermediate- bandphotometry. By observing
usinga intermediate- bandCaH�lter , we areableto classify
M dwarfsusingCaH- r vs. R- I color- color plots(Robertson
& Scott2000(RS2000),Matney et al. 2004). Theobserved
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magnitudesare transformedto the Kron- Cousinssystemto
allow for consistency with all previous datataken at at BSO
andNURO (Robertson& Jordan2005,RS2000).

It is thepurposeof thisprogramto identify variationsin the
luminosityfunctionfor SelectedAreasbothin andoutsideof
theGalacticplane.Ball Statebecamea memberof SARA in
the fall of 2005andhasonly recentlybegun to reducedata
from this telescope.Previous datawill be easily compared
to this new datasinceall observationshave beentransformed
to thestandardsystem.After the initial datais reduced,it is
expectedthatany necessarychangesto theobservingmethod
will bemadeandthatlargesampleswill beobtainedto allow
for greaterstatisticalsigni�cance.

2. OBSERVATIONSAND DATA REDUCTION

2.1. Observations

OurdatawereobtainedusinganApogeeU42cameraonthe
SARA telescopeatKitt PeakNationalObservatoryonJune7,
2007.TheApogeecamerais a2048£ 2048pixel CCDwhich
is thermoelectricallycooledto between- 17Cand- 20C.Our
observationsweretakenusing2 £ 2 binningto decreaseboth
readouttime and�le size. This binningsettheplatescaleto
0.7700perpixel andthe�eld of view to 13.140. Observations
of standardswere taken using the V,R,I,CaH,and B �lters,
andprogram�elds were imagedthroughthe R, I, andCaH
�lters.

Wewereableto image�elds 109Athrough109Lgiving us
12 of the25 �elds which compriseSA109. Our datagather-
ing techniqueutilizes short, intermediateandlong exposure
sequencesin all three�lters. This ensuresthat the brightest
sourcesarenot over saturatedin theshortexposuresequence
andthat the the faintersourcesaredetectedwith reasonable
signal- to- noisein the long exposuresequence.The useof
theintermediateexposureis to allow for furthersourcematch-
ing betweentheshortandlongexposureswhichgivesgreater
statisticalsigni�canceto photometricvalues.Sincethe long
CaHexposureis 720s,it wasessentialto have a stableguide
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starfor the�eld. In theeventthatastableguidestarcouldnot
befound,we insteadacquiredsix 120s images.Thelimiting
magnitudefor our observationsis m(R)» 15.25andwasde-
terminedby plotting our observed R magnitudesagainst the
correspondingerrorin thosemeasurements.

2.2. DataReduction

Thedatareductionprocessfor this programutilized IRAF,
MaxIm DL, andMicrosoft Excel.Theinitial IRAF reduction
wasdonewith the standardprocedureof computingmaster
darksand bias framesthroughthe useof zerocombineand
darkcombine. Themaster�ats werecomputedusing�atcom-
bineandtheobjectframeswereprocessedusingccdproc. In
the event that a properguidestarcould not be found,asde-
scribedin §2.1, the six 120sCaH exposureswerecombined
at this point using imcombine. Then, for detectionsabove
a 50 count threshold,dao�nd was usedto computecoordi-
nate�les, aswell as,magnitude�les usingphot. For these
detectionsthe f whm= 4 anda sourceapertureof 14 pixels
wasused. To transformthe R andI magnitudesto the stan-
dardKron- Cousinssystemthe standardswere�rst �t to the
Landolt catalogvalues(Landolt1983,1992)using�tpar ams.
Then,invert�t wasusedto transformtheobjectmagnitudesto
the standardsystemusingvaluesthat weredeterminedfrom
thestandardobservations.Sourceswhichdid nothavematch-
ing detectionsin all three�lters, but werein thesameexpo-
suresequence,wereexcludedsincepropercolorscould not
becomputedby �tpar ams.

Using MaxIm DL, the world coordinatesystem(WCS)of
each�eld wasestablishedby usingpinpoint astrometry. In
thisstepthelongR exposureimageswereprocessedfor each
�eld sincethey have positionsfor all starsdetected.After the
installationof the WCStools2 packagein IRAF, imstar was
usedalong with the coordinate�le previously compiledby
dao�nd to determinethe®(2000)and±(2000)of eachdetec-
tion.

The coordinateandmagnitudedatawerethenloadedinto
Excel. At this point a sortingprotocolwasestablishedto 1)
remove spuriousdetectionsbetween�lters, 2) identify multi-
ple detectionsof thesamebright source,and3) matchdetec-
tionsbetweenthe threeexposurelengthsequencesfor a sin-
gle star. Treatingeachsequenceseparately, detectionswhich
weremissingany magnitudeor color valueswereremoved.
Thendetectionswithin 15 pixels of column109 wereelimi-
nated,by sortingby physicalX coordinates,sincethiscolumn
is non- responsive andleadsto inaccuratephotometry. Next,
¾(X) and¾(Y) werecomputedfor all detectionsin each�lter .
By removing all detectionswith ¾greaterthan2¾avg, all de-
tectionswith spuriousmatchesbetween�lters wereexcluded.
The WCS valuesdeterminedby imstar were then addedto
thedatasheetandphysicalcoordinateswerematchedbetween
photometricandastrometricdetections.Thismatchwasmade
for all thedetectionsin thelong sequenceandcomparisonof
photometricandastrometricmagnitudesfor all twelve �elds
yields¾avg(R)=0.219magnitudes.Matchesbetweentheshort,
intermediate,andlong exposuresweremadeby comparison
of physical coordinatesas well as photometricvalues. The
multiple detectionphotometryvalueswereaveragedandthe
¾ was computedfor the colors and magnitudes. For the
matchesin all 12 �elds, ¾avg(R)=0.043, ¾avg(CaH)=0.048,

2 The WCStools is a package written and distributed by Doug
Mink to establish, manipulate, and use WCS values. http://tdc-
www.harvard.edu/software/wcstools/

¾avg(R- I)=0.038,¾avg(CaH- r)=0.054.
Due to the fact that SARA datafor this programis fairly

new, thereis no de�nite reductionprocedurein place. Thus,
somepartsof the reductionprocesswill likely beautomated
throughthedevelopmentof furtherIRAF protocol,aswell as
theextensive utilizationof Excelmacro's.

3. DATA AND RESULTS

3.1. Color- Color M StarLuminosityClassi�cation

As explainedin §1, thepresenceof CaHin thespectrumof
aM staris aclearindicatorthatit is adwarf. Thephotometric
color- colorplot in Figure1 showsthedifferencebetweenthe
dwarf andgiant sequences.The dividing line is the location
wherethegiantanddwarf loci divergeashasbeenpreviously
determinedby Dr. Robertson. To the left of this dividing
line are starsof higher temperaturewhereCaH can not be
usedto determinespectralclass.To theright of this dividing
line theM dwarf locusdisplaysexcessabsorptionin theCaH
magnitudewhen comparedto the giant locus. Thesedata
aresortedby the error in R- I, with the highestquality data
(¾(R- I)· 0.02) directly correlatedto the limiting magnitude
of theproject.

FIG. 1.— Color-colorplot of SARA photometricdetectionsin SA109with
giantanddwarf loci over-plotted.

Of particularinterest,in thedeterminationof theluminosity
function,arethedividing lineswhich correspondto the inte-
gerrangesin absoluteR magnitude.Theserangeshave been
establishedusing,

MR =- 6:862+61:375(R- I ) - 108:875(R- I )2

+90:198(R- I )3 - 27:468(R- I )4

for 0:4 · (R- I ) < 1:0, and

MR =- 114:355+408:842(R- I ) - 513:008(R- I )2

+286:537(R- I )3 - 59:548(R- I )4

for 1:0 · (R- I )1:5, as determinedby Siegel et al. (2002)
and are overplotted in Figure 1. The luminosity function
andphotometriccolor indicesfrom Cox (2000)wereusedby
Robertson& Mason(2007)to computetheexpectednumber
of M dwarfs for eachsquaredegreeto a limiting magnitude
of R=15. Using this methodGregory Macedeterminedthe
valuesshown in thelastcolumnof Table1 for a limiting mag-
nitudeof R=15.25.
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TABLE 1
EXPECTED QUANTITIES FOR SA109 BASED ON MAIN SEQUENCE LUMINOSITY F

M(V) © M(R) SpectralType d VolumeSampled QuantityExpectedfor 1 deg2

(pc) (pc3) (R=15.25)

8 -2.41 6.90 K7 468 10373 40§ 6.3
9 -2.32 7.72 M0 321 3341 16§ 4.0
10 -2.14 8.50 M2 224 1137 8 § 2.8
11 -1.99 9.35 - 151 351 4 § 2.0
12 -1.82 10.2 M5 102 109 2 § 1.4

REFERENCES. — Cox (2000)

FIG. 2.— Color-color plot of ¾(R- I)· 0.02SARA photometricdetections
in SA109with giantanddwarf loci over-plotted.

TABLE 2
MEASURED QUANTITIES

FOR M DWARFS IN SA109

R- I M(R) Quantity

0.728 7.20 6 § 2.4
0.849 7.71 17§ 4.1
1.036 8.52 2 § 1.4
1.235 9.35 1 § 1
1.460 10.2 0

Sincethe areasurveyed in this paperis only for 12 of the
25 �elds which compriseSA109,it is expectedthatapproxi-
matelyhalf asmany detectionswouldbefoundasis presented
in Table1. Plottingonly thedatafor ¾(R- I)· 0.02in Figure2,
therearefour distinctgroups.Thewarmerstars,left of thedi-
viding line, form anincompletesampleof the�rst magnitude
rangedueto the ionizationof CaH for R- I<0.70. The giant
and dwarf groupshave beendeterminedby their proximity
to their correspondingloci. The indeterminatedetectionsare
within error margins of two or moredetermininglimits, and
thuscouldnotbeclearlyclassi�ed.Table2 presentsthequan-
titieswhichhavebeendeterminedusingthemostprobableM
dwarf detectionsfrom Figure2.

3.2. 2MASSData

To betterclassify the M dwarfs, 2MASS datawerecom-
piled for all low error detectionsto the right of the dividing
line in Figure 2. Matcheswere de�ned for all 2MASS
detectionsasbeingwithin 3.600(5 pixels) of our astrometric
detectionsandhaving consistentphotometry. Figure3 is the
color- color plot of the 2MASS datafor our detectionswith
the dwarf andgiant loci overplotted(Bessell& Brett 1988).
The dividing line hasbeenpredeterminedby Dr. Robertson

FIG. 3.— Color-color plot of 2MASSphotometryfor ¾(R- I)· 0.02detec-
tions with giant anddwarf loci over-plotted. Error barsof ¾avg¼0.036are
plottedfor dwarf detectionsbut arepresentfor all points.

as the location where the giant and dwarf loci are not far
enoughapart to be discernibledue to the average2MASS
error of ¼3.6 percent. This error has beenplotted on the
dwarf classi�cationsto displaytheir size,but arepresentfor
eachpointwithin theplot.

4. DISCUSSION

Thedatapresentedin Figure2 show thedistinctly separate
colorsof M giantsanddwarfs. When the dataarecloseto
thedividing line, thedifferenceis lessobvious,andspurious
classi�cationscanoccurif careis not taken. However, when
groupingmy data,to beplottedin Figure3, I appearto have
beenoverly strict in determiningwhichstarsin Figure2 were
dwarfs. This is evidentby thelargenumberof indeterminate
detectionswhichlie on,or verynear, thedwarf locusin Figure
3 andmaybeM dwarfs.A furtherpointby point comparison
betweenFigures2 and3 will likely leadto betterclassi�ca-
tion aswell asa betterdeterminationof the dwarf andgiant
sequencesnearthedividing line in Figure2.

Quantitieswhichwerepresentedin Table2 arenotexceed-
ingly differentfrom theexpectedvaluesin Table1. Thequan-
tities in Table2 aregenerallywithin theexpectederrorvalues
thatweredeterminedusingtheacceptedluminosityfunction.
Sincea detectionis either a M dwarf, or it is not, Poisson
statisticssuggestan error of

p
numberdetected andthis ac-

countsfor differencesin thebottomthreerows. Thequantity
in thesecondrow of Table2 is highevenaftertakinginto ac-
counttheseerrors,whichleadsto theconclusionthatthereare
moreM0 dwarfs in SA109thanis describedby theaccepted
luminosity function. The �rst row of Table2 is not nearthe
expectedvaluefor anumberof reasons.Thegreatestof these
is thatnearlyhalf of therangein questionis truncatedby the
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TABLE 3
DATA FOR MOST PROBABLE M DWARFS

ReductionID ® ± R M(R) CaH R- I CaH- r J H K d
(2000.0) (2000.0) (pc)

SA109L2-10 17:46:01.5 +00:03:36.82 13.245 7.546 14.932 0.814 2.144 11.239 10.472 10.273 138
SA109L3-47 17:46:29.529 +00:05:25.17 14.720 7.203 16.416 0.728 2.158 13.084 12.478 12.337 319
SA109E-34 17:46:38.817 -00:22:35.14 14.012 7.339 15.683 0.763 2.133 12.251 11.639 11.483 216
SA109E2-18 17:46:49.633 -00:23:32.44 13.343 7.320 15.050 0.758 2.169 11.577 10.931 10.781 160
SA109K2-21 17:47:00.943 +00:12:23.65 13.514 7.716 15.178 0.854 2.120 11.315 10.577 10.356 144
SA109E-20 17:47:06.615 -00:27:22.10 13.666 7.446 15.317 0.790 2.111 11.674 10.999 10.771 175
SA109K3-56 17:47:11.945 +00:07:21.22 14.976 7.861 16.690 0.887 2.166 12.749 11.952 11.772 265
SA109D2-23 17:47:12.834 -00:10:49.79 13.747 7.613 15.441 0.830 2.143 11.753 11.035 10.876 169
SA109C3-55 17:47:13.795 -00:05:20.56 14.944 7.622 16.605 0.832 2.105 13.199 12.544 12.377 291
SA109D-1 17:47:16.235 -00:14:59.91 12.117 7.857 13.781 0.886 2.107 9.818 9.017 8.757 71
SA109E-10 17:47:16.502 -00:27:47.22 13.167 7.413 14.832 0.782 2.126 11.171 10.478 10.329 141
SA109J2-11 17:47:29.858 +00:08:27.63 13.137 7.383 14.816 0.774 2.147 11.6 10.883 10.737 141
SA109F2-10 17:47:36.531 -00:30:15.27 13.329 7.367 15.003 0.770 2.139 11.331 10.605 10.398 156
SA109A3-77 17:47:43.745 -00:16:40.29 14.480 7.176 16.210 0.721 2.167 13.435 12.752 12.609 289
SA109A3-90 17:47:46.138 -00:07:38.70 15.028 7.210 16.755 0.730 2.163 13.372 12.705 12.562 366
SA109A3-79 17:47:51.097 -00:12:25.40 14.821 7.355 16.536 0.767 2.146 13.06 12.414 12.262 311
SA109B3-43 17:48:09.503 -00:05:24.63 14.468 8.199 16.212 0.962 2.163 12.053 11.295 11.09 179
SA109F3-61 17:48:11.589 -00:21:54.36 14.865 9.594 16.649 1.298 2.186 12.186 11.476 11.206 113
SA109G3-75 17:48:23.194 -00:28:35.50 14.859 7.618 16.507 0.831 2.108 13.293 12.45 12.262 281
SA109H2-24 17:48:25.730 -00:17:02.41 13.498 7.280 15.196 0.748 2.169 11.502 10.807 10.604 175
SA109H2-29 17:48:29.485 -00:11:54.82 13.769 7.677 15.448 0.845 2.139 11.812 11.071 10.896 165
SA109G3-41 17:48:35.953 -00:28:58.95 14.711 7.265 16.399 0.744 2.159 12.818 12.174 11.989 308
SA109I3-87 17:48:41.876 -00:06:24.89 15.051 8.073 16.870 0.934 2.268 12.936 12.189 11.992 249
SA109H-8 17:48:46.449 -00:17:49.65 13.197 7.660 14.846 0.841 2.109 11.013 10.302 10.052 128
SA109I2-11 17:48:54.041 -00:03:20.88 12.622 7.156 14.310 0.716 2.163 10.733 10.095 9.924 124
SA109I3-81 17:48:56.921 +00:00:33.69 14.976 8.875 16.715 1.114 2.167 12.635 11.918 11.658 166

dividing line in Figure2, whereCaHis ionized,andthushas
beenexcluded.Anotherreasonis dueto thelikely classi�ca-
tion of dwarfsasindeterminatedueto theircloseproximity to
theotherregions.

Overall, the datapresentedin this paperis a greatinitial
probeof theapplicationof this program's techniquesto iden-
tifying M dwarfs with SARA observations. The valuesin
Table2, while not fully consistent,areof the sameorderof
magnitudeastheexpectedquantitiesin Table1 andmany are
within theexpectederror. A full analysisof SA109,aswell as
follow-up individual classi�cationsfor eachstar, shouldfur-
therreduceselectionerrorandyield moredesirableresults.

5. SUMMARY

Thepresenceof CaHin thespectrumof a M staris a clear
indicatorthat it is a dwarf. Thedeterminationof thenumber
of dwarf starsof eachabsolutemagnitude,in a givenvolume
of space,establishesthe luminosity function for that region
anda knowledgeof this is essentialto our understandingof
Galacticevolution. For SA109, which is near the galactic
plane,the valuesof the luminosity function areof the same
orderof magnitudeaswould be expectedby our currentes-

timatesof the luminosity function. The exceptionto this is
early type M dwarfs which have a higher frequency than is
expected.Yet, with suchsmall numbersandhigh errorswe
cannot be sureof our classi�cationof this region ashaving
anM dwarf excessuntil theentireregion hasbeenanalyzed.
Theobservationandreductionof datafor otherselectedareas,
within this program,will leadto betterdeterminationsof the
luminosityfunctionfor low luminositysources.
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